We calculate the conductances and the tunneling magnetoresistance (TMR) of double magnetic tunnel junctions, taking as a model example junctions composed of Fe/ZnSe/Fe/ZnSe/Fe (001). The calculations are done as a function of the gate voltage applied to the in-between Fe layer slab. We find that the application of a gate voltage to the in-between Fe slab strongly affects the junctions' TMR due to the tuning or untuning of conductance resonances mediated by quantum well states.
I. INTRODUCTION
Double-barrier magnetic tunnel junctions (DBMTJs), in which metallic layers are inserted in between the semiconducting region of single-barrier MTJs (SBMTJs), are nowadays gaining an increasing interest due to their potential advantages over SBMTJs in spintronic devices based on the tunneling magnetoresistance effect (TMR) 1 . Although the idea of using double-barrier junctions goes back to the work of Zhang et al a decade ago 2 , these hybrid systems could be epitaxially grown only quite recently. Besides their importance for spintronics applications, DBMTJs are interesting hybrid systems on their own since they exhibit richer transport phenomena than conventional tunnel junctions, that are currently under intense investigation. Among these phenomena we can mention the spin-dependent resonant tunneling due to quantum well states (QWS) inside the in-between metallic slab (IBS) 7, 8 and the spin-filter effect 9−11 . Both effects have been theoretically investigated using realistic electronic structure models only recently 9, 10, 12 . The picture that emerges from these theoretical and experimental studies is that double-barrier junctions have three major properties unavailable in single-barrier ones. First, the TMR values of DBMTJs are, in general, significantly larger than those of similarly prepared SBMTJs. Second, the dependence of the TMR on bias voltage is considerably smaller in DBMTJs than in SBMTJs. And third, the differential conductance of DBMTJs shows well defined peaks as a function of bias voltage 8, 13 . The first two features can be qualitatively understood in terms of the spin-filter effect 9 . The origin of this effect is the spin-dependent potential introduced by the in-between magnetic layers, which quenches the conductance for the antiparallel magnetic configuration of the junction. The third property is related to resonant tunneling through quantum well states that form in the in-between metallic slab 6,9,12,13 .
From the above, it is clear that the investigation of the spin-dependent transport properties of this kind of junctions is worthwhile. In this work we consider, as a model example, Fe/ZnSe (001) double-barrier junctions, and calculate their coherent conductances and TMR. We focus on the dependence of the conductances and of the TMR on the gate voltage applied to the in-between Fe slab. This is an aspect that has not been, to our knowledge, studied so far. Starting with the pioneering calculations of Zhang et al 2 , the main reason for using double-barrier junctions has been to enhance the TMR by controlling the thickness of the in-between metallic slab. It was theoretically shown by several authors 7 that the TMR of DBMTJs depends on this thickness, essentially due to the tuning or untuning of conductance resonances mediated by quantum well states (see, for example, the recent experimental work of Niizeki 
II. SYSTEMS UNDER STUDY AND CALCULATION METHODS
Our DBMTJs consist of m layers of BCC Fe (001) inserted in between 2n layers of zinc-blende ZnSe, so that the Fe midlayers are sandwiched by n identical ZnSe layers at each side, the whole multilayer (which we will call active region or AR) being sandwiched by two semi-infinite BCC Fe (001) electrodes. We fix n =2, which represents 1.13
nm of ZnSe at each side of the in-between Fe slab (IBS), and consider m =2, 3, 4, 6, representing 0.574, 0.861, 1.148, 1.722 nm of in-between iron. The junctions are periodic in the x-y plane, being z the transport direction. We note that the junctions are fully epitaxial and that interface interdifussion is not taken into account.
In the parallel configuration (P ), the magnetizations of all the magnetic regions (electrodes and in-between Fe layers) are parallel to each other. In the antiparallel configuration (AP ), the electrodes' magnetization remain parallel to each other but the Fe midlayer's magnetization is antiparallel to them. It is important to note that, since the coercive fields of the electrodes and of the midlayer are different (due to their different thicknesses), these magnetic configurations are experimentally attainable, as has been shown in recent years. The Green's function describing the dynamics of an electron inside the active region (ZnSe(n)/Fe(m)/ZnSe(n)) is given by
(1) where1 stands for the unit matrix, E F is the Fermi energy of the system, and H σ S is the active region's Hamiltonian (σ corresponds to the majority or minority spin channels). We note that H 
where H LS and H RS are the tight-binding couplings of the active region with the electrodes, and g σ L/R are the surface 24 . At E F , the real parts of Σ maj./min. g are equal to 0.12 eV and 0.015 eV, respectively.
The transmission probabilities for the transition from the left to the right electrodes, T σ , are given by
where gives the probability that an electron coming from the left electrode reaches the right electrode. Processes in which an electron enters and leaves the gate electrode are not taken into account. That is to say, we calculate the conductance due to electrons that tunnel directly from one electrode to the other, through the active region whose electronic structure is renormalized by the presence of the gate electrode. The conductances are then given by
where N k // is the total number of wave vectors parallel to the interface that we consider in our calculations. The tunneling magnetoresistance coefficient is defined as TMR=100×(Γ P −Γ AP )/Γ AP (optimistic definition), where Γ P and Γ AP are the conductances in the P and in the AP magnetic configurations, respectively.
By calculating Γ using different numbers of parallel-to-the-interface wavevectors k // = k xx + k yŷ (recall that the junction is periodic in the x-y plane), we find that a mesh of 5000 k // is enough to reach convergence. More details on the method used to calculate the conductances can be found in Ref.
(see also Ref. 25).
In this work, we restrict ourselves to zero temperature, to infinitesimal bias voltage (applied to the Fe electrodes) and to the coherent regime. We assume that the electron's k // and spin are conserved during tunneling, since the junctions are fully epitaxial and the Fe midlayer is thin (< 2 nm) and ordered 24 .
III. RESULTS AND DISCUSSION
In Figs. 1-4 , we show the conductances (upper panels) in the parallel and antiparallel configurations of doublebarrier junctions with n=2 layers (1.13 nm) and m=2, 3, 4 and 6 layers (0.574, 0.861, 1.148 and 1.722 nm), respectively, Another very interesting feature to note is the occurrence of very large negative TMR values (in the optimistic definition, the minimum TMR value is -100 %). For example, the DBMTJs with m=2 layers (Fig. 1) has a very sharp AP conductance peak at a gate of -60 mV, which produces a TMR value very close to -100 %. The same happens for the m=6 DBMTJ (Fig. 4) , at gate voltages equal to -40 mV and 120 mV. Although our calculations are not self-consistent (i.e. we do not take into account charge transfer effects at the junctions' interfaces) and are performed at infinitesimal bias voltage, we believe that they still capture the essential point of this phenomenon. That is, the tuning or untuning of conductance resonances due to the shifting of quantum well states, and their impact on the tunneling magnetoresistance of double-barrier junctions. We think that the application of a gate voltage to the in-between metallic layers of a double junction is an issue that deserves further theoretical and experimental investigation. Control of the TMR by a gate voltage is better suited to applications than the fine tuning of the in-between metallic thickness, and may result in new functionalities for spintronics applications. Furthermore, this property is not restricted to Fe/ZnSe (001) DBMTJs, since the appearance of spin-polarized quantum well states in thin magnetic slabs sandwiched by insulating spacers is a rather general phenomenon 6−9,12,13 .
IV. SUMMARY
Taking as a model example junctions composed of Fe/ZnSe (001), we have calculated the coherent, zero-bias conductance and the tunneling magnetoresistance of double-barrier tunnel junctions, as a function of the gate voltage applied to the in-between Fe slab and of its thickness. The electronic structure of the junctions and their transport properties were realistically calculated. We found that the tunneling magnetoresistance of double-barrier junctions is strongly dependent on the applied gate voltage, essentially due to the tuning or untuning of conductance peaks produced by resonant tunneling through quantum well states. The tunneling magnetoresistance can be tuned to extremely large values by sweeping the gate voltage. This feature is displayed by all the DBMTJs that we considered.
The calculated TMR values of the gate-biased double junctions greatly surpass those attainable in single-barrier junctions, as well as those of double junctions at zero gate voltage. The most important qualitative conclusion is that the tunneling magnetoresistance can be dramatically enhanced by applying small gate voltages, which is more easily accessible than controlling the in-between slab's thickness. Furthermore, it is possible to obtain large and negative TMR values as well. Since the complex band structures of ZnSe (001) and of MgO (001) are very similar to each other, we believe that these features should also be observed in Fe/MgO (001) double-barrier junctions as well. These findings may be useful in the design of spintronic devices relying on the tunneling magnetoresistance effect, and in consequence further theoretical and experimental investigation is desirable. For example, it would be very interesting to study the influence of the gate voltage on the dependence of the tunneling magnetoresistance on bias voltage, which is a critical aspect for applications.
